Sec. 1. Excited state Lifetime and Fluorescence Quantum Yield of Fluorescent Proteins
Figure S1: The plot of fluorescence quantum yield vs. excited state lifetime of fluorescent proteins (FPs) reveals a positive correlation between these two photophysical parameters. Values of lifetime and quantum yield of FPs were obtained from www.fpbase.org . Blue, cyan, yellow, orange and red dots represent the corresponding emission properties of the FPs.
The correlation between fluorescence quantum yield (φ) and excited sate lifetime (τ) forms the basis of our microfluidic selection of FP mutants (φ = k r * τ, where k r is radiative rate constant) 1 . Selection of mutants with longer excited state lifetime would ensure higher fluorescence quantum yield which in turn would enhance the molecular brightness of the FPs.
Sec. 2. Microfluidic Design and Manifold Assembly
Figure S2 
Sec. 6. Theory of Frequency-Domain Lifetime Measurements in Flow Cytometry
The intensity (I(x, y)) of a Gaussian laser beam focused to an elliptical spot with 1/e 2 intensity radii σ x and σ y is given as 4 , (1)
where is the intensity at the center of the Gaussian beam.
0
In flow-cytometry, the fluorescence signal generated due to the passage of cells through the laser beam which has a Gaussian profile in temporal coordinate. The peak fluorescence intensity (F(t)) of a cell with radius r and velocity v x across the laser beam is given by , (2)
where and the flow is along the x-direction. The fluorescence intensity, F 0 ,
is proportional to the excitation intensity (I(x, y)). Using σ x as 9 μm, r as 3 μm and v x as 10 mm/s, σ t is found to be ~0.5 ms. In our measurements, the passage time of the cells in each beam is in the range of 200 μs -1 ms.
For frequency-domain lifetime measurements, the sample is excited with an amplitude modulated sinusoidal excitation with a period typically on the order of its excited state lifetime. The fluorescence signal emitted by the sample has the same frequency but is phase delayed due to a finite excited state lifetime. So, if the excitation has the form of , then the corresponding fluorescence signal would be 1 :
where A is the amplitude of the signal, m is the modulation, φ is the phase shift, and ω is the angular frequency of the excitation (ω = 2πν), ν is the modulation frequency). It can be shown that and m are related to the excited state lifetime (τ ) and angular frequency of the system in the following way 1 :
In frequency-domain flow cytometry, the fluorescence signal is the product of Eqn. 2 and 3, i.e. . The fluorescence signal is further delayed
due to the optics and the electronics used to amplify the signal. The detected signal can be represented as:
where δ is the phase shift induced by optics and electronics 5 .
Before the fluorescence signal reaches the lock-in amplifier, the low frequency component ( kHz) is separated from the high frequency component (
, , ~MHz) using a biased-tee. In the lock-in amplifier, the fluorescence
signal is demodulated by multiplying with the reference signal, and ,
to give V I and V Q respectively. The in-phase signal is then given by:
The first part of the voltage contribution in the above equation with high frequency can be eliminated using a low-pass filter to give, ,
where B is a constant and V BI is the background signal for the detection of V I . Similarly, it can be shown that the quadrature-phase signal (V Q ) would be:
Eqn. 9 and 10 can be rearranged to give
Using Eqn. 4 and Eqn. 11, we get
Further simplification of the above equations gives ,
where V' I and V' Q are background corrected in-phase and quadrature-phase signal
Εqn 13 is used for the in-flow quantification of the excited state lifetime of the system. V' I and V' Q are directly obtained from the lock-in amplifier.
The modulation frequency, ν, is 29.5 MHz. The parameter δ is obtained by using a FP with a known fluorescence lifetime. We use mCherry (τ = 1.87 ns) as a reference for the adjustment of δ.
Sec. 7. Protocol for Random and Site-directed Mutagenesis
Error-prone Libraries: GeneMorph II Random Mutagenesis kit (Agilent Cat No. 200550) was used to create the error-prone libraries. The kit protocol was followed with different amounts of template and cycles depending on the error rate. T7 and V5 universal primers (both located on pYesDest52 vector) were used for the amplification. After first round of PCR, the PCR product was gel-extracted. The gel-extracted PCR product was used for a second round of PCR to create enough DNA for homologous recombination. After PCR purification, the library DNA was isopropanol-precipitated and eluted in a few μl of water.
Site-directed Mutagenesis:
QuikChange site-directed mutagenesis method was used to make point mutations or switch single amino acids using PfuTurboDNA polymerase and a Thermo cycler. PfuTurboDNA polymerase replicates both plasmid strands with high fidelity and without displacing the mutant oligonucleotide primers. The basic procedure utilizes a supercoiled double-stranded DNA (dsDNA) vector with the FP of interest and two synthetic oligonucleotide primers containing the desired mutation. The oligonucleotide primers, each complementary to opposite strands of the vector, are extended during temperature cycling by PfuTurboDNA polymerase. Incorporation of the oligonucleotide primers generates a mutated plasmid containing staggered nicks. Following temperature cycling, the product is treated with DpnI. The DpnI endonuclease digest the parental DNA template and makes it possible to select for mutation-containing synthesized DNA. The nicked vector DNA containing the desired mutations is then transformed into E.coli (Top10). Figure 3c ). Further random mutagenesis on top of the FEP library, followed by two rounds of microfluidic-based enrichment generated multiple mutants brighter than FusionRed wild-type: FR-F, FR-G & FR-H. The in vitro photophysical properties of these mutants are given in Table 1 (main text). The mutants were found to have improved ε max and φ, resulting in higher in vitro brightness. Also, the improved in vivo brightness of these mutants suggests that the slow maturation/ lower expression efficiency of FR-13 in yeast is alleviated. Sequencing of these mutants revealed the following mutations relative to FR-13: FR-F (V4M, Q115H, L142M); FR-G (V4M, G160R, T230S); FR-H (V4M, G160R, T230R).
Sec. 10. Sequence Alignment of the FusionRed Mutants
Residue numbering is based on alignment with avGFP sequence as presented in the literature 6 .
Mutations accumulated in first, second and third round of EP-PCR mutagenesis libraries are highlighted in green, purple and red respectively. Internal residues are highlighted in grey. 
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Sec. 11. Photo-physics of the FusionRed Mutants Extinction coefficient measurement
The extinction coefficient of FusionRed and FR clones were calculated using the alkalidenaturation method described in the literature 6 . The absorption spectrum of the purified RFP in Tris-HCl buffer (pH=7.4) was measured using Agilent/Varian Cary 500 Spectrophotometer. The same measurement was repeated with same amount of purified RFP in NaOH solution with same volume as previously used Tris-HCl buffer in the same quartz cuvette. The NaOH solution used for FusionRed and its mutants had a pH=14. The denatured FPs exhibit two absorption peaks with known extinction coefficients of 70,000 near 380 nm ( ) and 44,000 near 450 nm
). 6 The extinction coefficient of RFPs can be calculated by Spectrophotometer. Baseline corrections are performed for the spectra.  The emission spectra of the same samples are measured in a QM-6 steady-state fluorimeter from Photon Technology International (PTI). Baseline corrections are performed for the spectra. The cuvette used for emission spectra has 1 cm path length.  Integrated fluorescence of the samples is quantified by calculating the area under the emission spectra.  Integrated fluorescence values of the spectra are plotted against the corresponding OD at the wavelength that the series of samples are excited to obtain the emission spectra. In this work we excited the samples at 520 nm to obtain the emission spectra of the RFPs.  The integrated fluorescence vs. OD plot can be fitted with a straight line of the form:
, where is the integrated fluorescence and is the OD. 
Expression level of RFPs
The cellular brightness measured in FACS screening is a product of molecular brightness and expression level of functional fluorescent protein. The molecular brightness of FusionRed-M exhibited little enhancement comparing to FusionRed as shown in Table 2 in the main text, so we attributed the brightness enhancement of FusionRed-M observed in FACS screening to the improved protein expression level. The cellular brightness will depend on the amount of protein expressed in the cell, which depends on the efficiency of transcription, stability of mRNA, efficiency of translation, and protein stability, as well as the ability of the protein to fold, mature and produce a function chromophore. We use the cellular brightness measured by FACS as a proxy for protein expression that collectively considers all of these variables. While it is true that individual cells may contain different concentration of the expression plasmid, we examined 10,000 and 20,000 (for HeLa and yeast cells respectively) individual cells and averaged from 3 biological replicates in order to account for this heterogeneity. All FPs were expressed from the same plasmid and transfected in the same way so the heterogeneity due to plasmid concentration would be expected to be similar for the different FPs. The changes in protein expression of FusionRed mutants are estimated as follows. The effective molecular brightness of each FP was calculated by multiplying extinction coefficient at the excitation wavelength (561 nm), quantum yield, and integration of normalized fluorescence spectrum within the emission filter window (630/30 nm, noted as F). The expression level of each FP was obtained by dividing averaged FACS brightness by the effective molecular brightness. The results are normalized with respect to FusionRed and compared with mCherry, the most commonly used RFP, as listed in the table below. The protein expression level was also normalized relative to mCherry shown in red font color. φ in the table is the fluorescence quantum yield. ε 561nm is the extinction coefficient at the excitation wavelength (561 nm) of FACS screening. For the identification of cells, a binary image was generated by an intensity threshold that discriminate fluorescence from the image background ( Figure S10b ). In the next step, the cells were identified by:
Mammalian cells Yeast cells
• using the previously generated binary image as a guide & • size of the identified objects.
10-50 μm window was used as a size criterion for the cells. Median size of the cells was 20 μm. The program correctly identified cells (green outlines) and rejected the tiny dots (pink outlines) based on size ( Figure S10c ).
The intensity distribution of the identified cells was measured. Another binary image was generated with using a threshold of: μ cell + n*σ cell , where, μ cell and σ cell are the mean and standard deviation of the intensity distribution of the cells. n is an adjustable parameter. n= 1-2 works well in our purpose for the identification of bright structures in the cells. n=1.5 was used to generate the binary image 2 ( Figure S10d ). Bright structures in the cells were identified using the binary image generated in the previous pipeline and based on size criterion. 1-7 μm was used as a size criterion for the OSER structures. The program correctly identifies the bright structures (green outlines) inside the cells ( Figure S10e ). In the original OSER article 7 , part of the nucleus having "karmellae" was not considered as whorls. These are nuclear-associated paired membranes produced by over-expression of the enzymes. As "karmellae" s have different shapes than the whorls, they can be easily filtered out using either eccentricity the form factor (f) of the identified objects. Form factor is defined as follows:
where, A and p are the area and perimeter of the structure. A "karmellae" from the cells have been filtered out (shape with pink outline) using a criterion of form factor > 0.25 ( Figure S10f ).
Structures with roundish shape have been identified as whorls (green outlines). Filtering of whorl based on form factor also eliminates some false positive structures e.g. nice reticular network. Finally, identified whorls & cells are related based on their location. In Figure S10g and S10h, cells were color-labeled with the whorls associated with them.
